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EXECUTIVE  SUMMARY 


The  present  report  entitled  "Dynamic  High  Pressure  Shock 
Consolidation  of  Powders"  summarizes  results  of  collaborative 
investigations  of  researchers  from  New  Mexico  Tech,  California 
Institute  of  Technology,  and  Allied-Signal,  Inc.,  for  fabrication 
of  diamond  compacts  for  electronic  substrate  applications.  The 
fabrication  process  involved  the  use  of  dynamic  processing 
techniques  to  consolidate  commercially  available  diamond  powders. 

The  objective  of  this  work  was  to  fabricate  1  mm  thick 
diamond  compacts  by  consolidation  of  powders  by  shock  waves 
generated  by  impact  of  a  projectile  accelerated  using  explosive 
systems  or  propellant -gun  launched  techniques.  The  criterion  for 
the  consolidation  of  diamond  powders  of  various  types  (natural 
and  synthetic)  and  different  particle  sizes  (<1  to  >20  nm) , 
treated  with  different  types  of  surface  cleansing  and  coating 
processes,  was  studied.  The  fundamental  issues  investigated  in 
this  work  included  establishing  the  effects  of  starting  powder 
characteristics  and  shock  consolidation  conditions,  as  well  as 
correlating  these  effects  to  the  microstructure  and  other  proper¬ 
ties  of  the  compacts. 

Diamond  compacts  -12  mm  diameter  by  1  mm  thickness,  made 
from  various  types  of  commercially  available  natural  and  synthet¬ 
ic  powders  were  consolidated  to  densities  in  the  range  of  90-95% 
theoretical  maximum  density  (TMD) .  Optimum  consolidation  condi¬ 
tions  were  achieved  by  appropriately  controlling  initial  powder 
packing  densities  and  compacting  powders  at  shock  conditions 
generated  at  impact  velocities  of  1.6  -  2.2  km/s. 

Thermal  conductivities  of  the  diamond  compacts  were  obtained 
indirectly  via  ultrasonic  velocity  measurements  and  also  directly 
by  a  technique  employing  laser  pulsed  photothermal  radiometry. 


Ultrasonic  measurements  revealed  a  mean  effective  phonon  velocity 
-0.28  times  that  of  single  crystal  diamond.  Assuming  a  direct 
correlation  between  phonon  velocity  and  thermal  conductivity,  it 
can  be  estimated  that  shock-processed  diamond  compacts  have  a 
thermal  conductivity  one-third  of  that  of  the  single  crystal. 
Direct  measurements  of  thermal  conductivity  performed  using  the 
Laser  Pulsed  Photothermal  Radiometry  (PPR)  technique  yielded 
anomalously  low  values. 

We  attribute  the  low  thermal  conductivity  of  the  shocked 
diamond  compacts  to  be  due  to  retention  of  3-5%  non-diamond 
(graphitic  or  amorphous  carbon)  phase,  porosity,  and  residual 
strain  due  to  the  .Large  defect  concentration  produced  from 
extensive  shock-induced  plastic  deformation.  The  thermal  conduc¬ 
tivity  of  the  diamond  compacts  is  also  limited  by  that  of  the 
starting  powders,  and  metallic  and  organic  contaminations  present 
in  the  starting  diamond  powders. 

We  believe  that  the  type  of  diamond  compacts  produced  by 
shock  consolidation  of  powders  in  the  present  study  are  the  first 
of  their  kind  in  terms  of  overall  compact  integrity  and  physical, 
mechanical,  and  microstructural  characteristics.  However,  there 
are  many  issues  that  still  remain  unresolved.  The  time  available 
in  the  present  work  has  been  too  limited  to  allow  detailed  and 
in-depth  diagnostics,  calculations,  observations  and  measure¬ 
ments.  Without  such  evaluations  and  understanding,  and  specific 
process-microstructure-property  correlations,  the  complete  scope 
of  the  shock  consolidation  technique,  may  be  difficult  to  infer 
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The  present  report  summarizes  investigations  carried  out  on 
shock  consolidation  of  diamond  powders  for  fabrication  of  com¬ 
pacts  for  electronic  substrate  applications.  Consolidation  of 
various  types  of  commercially  available  natural  and  synthetic 
diamond  powders  has  been  performed  in  this  study.  The  type  of 
diamond  and  morphology  of  the  powder  particles  affects  the 
consolidation  mechanisms  as  well  as  the  diamond  compact  charac¬ 
teristics.  It  is  shown  that  with  the  use  of  appropriate  particle 
size  distribution,  and  therefore  a  high  initial  packing  density, 
compacts  with  optimum  physical  characteristics  (crack-free  and 
better  than  90%  of  theoretical  maximum  density  can  be  obtained. 
However,  about  3-5%  transformed  graphite  and  extensive  residual 
strain  in  the  compacts  has  been  detected,  both  of  which  severely 
limit  the  thermal  conductivity. 

The  work  contained  in  this  report  provides  an  extensive 
series  of  experimental  results  and  mechanistic  studies  discussing 
the  consolidation  behavior  of  diamond  powders  by  the  shock 
compression  technique. 
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CHAP.  1 


INTRODUCTION  AND  BACKGROUND 


Amongst  all  other  crystalline  solids,  diamond  is  the  hardest 
material  known,  it  has  the  highest  thermal  conductivity  at  room 
temperature,  it  is  inert  to  all  chemicals,  and  it  is  transparent 
to  visible  light,  infrared,  ultraviolet  radiation  and  x-rays.1 
These  properties  make  diamond  attractive  in  applications  ranging 
from  superhard  cutting  tools  and  wear-resistant  coatings  for 
mechanical  and  optical  components,  to  heat-sink  substrates  for 
electronic  semi-conductor  devices.2 

High  pressure  and  high  temperature  technigues  used  for 
synthesizing  diamond  from  graphite  have  proved  economical  and 
yield  a  product  of  consistent  quality  and  properties.  However 
high  pressure  synthesis  techniques  have  their  limitations.  These 
techniques  result  in  diamond  crystals  no  larger  than  1-2  carats 
in  size.  Scale-up  and  impurity-free  synthesis  using  a  high- 
pressure  diamond  press  is  difficult  and  also  expensive. 

Thin  diamond  films  can  be  used  to  coat  large  sized  compo¬ 
nents  by  "Chemical  Vapor  Deposition"  (CVD) ,  3-4  employing  either 
plasma-assisted  CVD  (PACVD)  or  energetic  ion-beam  deposition 
(EIBD) .  The  plasma -assisted  CVD  technique  is  much  easier  to 
implement  and  requires  simple  equipment  assembly,  and  hence  is 
more  popular.  Also,  the  hardware  is  relatively  inexpensive  and 
fairly  high  deposition  rates  can  be  accomplished.  However,  this 
technique  requires  high  temperatures  and  relies  on  epitaxial  film 
growth.  Thus  the  range  of  substrate  materials  on  which  diamond 
films  can  be  coated  is  somewhat  limited.  In  contrast,  techniques 
based  on  energetic  ion  beam  deposition  require  much  more  compli¬ 
cated  and  costly  hardware.  The  deposition  rates  are  slower  in 
this  technique  but  processing  temperatures  are  much  lower  and 
thus  the  process  is  not  sensitive  to  substrate  composition. 

Chemical  vapor  deposition  of  diamond  films  proceeds  by 
excitation  of  mixtures  of  hydrogen,  hydrocarbon,  and  inert  gases 
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either  in  a  DC  glow  discharge  or  with  RF  or  microwave  radiation. 
In  the  process  a  plasma  is  produced,  and  carbon  atoms  are  liber¬ 
ated  by  the  thermal  decomposition  of  the  hydrocarbon  gas.  In 
order  to  ensure  dissociation  of  the  hydrocarbon  gas  and  provide 
enough  thermal  energy  to  allow  carbon  to  bond  as  diamond,  the 
temperatures  in  the  plasma  discharge  must  exceed  800  to  1100°C. 
The  free  carbon  atoms  in  the  plasma  have  enough  energy  to  permit 
tetragonal  (diamond)  bonding,  however,  upon  condensation,  the 
diamond  films  produced  are  not  just  tetragonal ly-bonded  carbon 
(diamond) ,  but  may  also  contain  mixtures  of  trigonal ly-bonded 
(graphite) ,  and  other  allotropic  crystalline  forms  of  carbon. 


1.1  Diamonds  for  Thermal  Substrate  Applications 

With  the  multitude  of  today's  advances  in  the  semiconductor 
industry  and  its  continued  development,  thermal  dissipation 
problems  have  resulted  in  the  inability  of  many  electronic 
devices  to  operate  at  their  premium  capacity.  Swan7  in  1967, 
first  reported  that  a  greater  heat  conduction  efficiency  is 
possible  with  type  Ila  diamond  heat  sinks  in  contrast  to  copper 
and  silver. 

Diamond  has  a  unique  combination  of  very  high  thermal 
conductivity  (highest  of  all  materials  at  room  temperature)  and 
high  electrical  resistivity  which  can  allow  it  to  remove  heat 
rapidly  from  high-power  devices  while  maintaining  electrical 
integrity.  Single  crystal  wafers  of  diamond  can  thus  be  used  as 
a  substrate  for  certain  high  power  laser  diodes  as  well  as  for 
other  electronic  packaging  systems.  The  cost  of  single-crystal 
diamond  makes  its  widespread  use  uneconomical.  Natural  diamonds 
(particularly  the  nitrogen-free  type  Ila)  are  also  used  as 
thermal  substrates  (heat  sinks) ,  but  their  scarce  availability 
and  the  dimensions  in  which  they  are  available,  limit  their 
large-scale  applications. 
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1.2  Dynamic  shock  consolidation  of  diamond  powders 


Shock  consolidation  of  diamond  powders  is  a  unique  and 
potentially  highly  efficient  process.  Consolidation  of  powders 
occurs  due  to  localized  deposition  of  shock  energy  (from  collapse 
of  voids)  at  particle  surfaces,  which  results  in  interparticle 
fusion  and  bonding.  Various  mechanistic  models  have  been  pro¬ 
posed  which  describe  the  consolidation  process.  Three  succes¬ 
sively  more  sophisticated  physical  consolidation  models  will  be 
described  in  the  context  of  the  present  study. 

(a)  Simple  Sliding  Model  and  Regime:  During  the  passage  of 

a  strong  shock  wave  through  an  initially  porous  powder,  the 
relatively  high  velocity  of  individual  particles  causes  the 
grains  to  vigorously  deform  against,  slide  past  one  another,  and 
fill  in  the  porosity.  After  the  shock-wave  passage,  this  results 
in  a  virtually  void-free  solid  containing  heavily  deformed  parti¬ 
cles,  as  shown  in  the  micrograph  and  the  simulations  in  Figure  1. 


—  Initial  shock  propagation 


Fig.  1.  Characteristic  shape  of  shock  consolidated,  initially 

spherical  powder,  (a)  Microphotograph  of  37  fm  diameter 
spheres  compacted  with  5.6  GPa  shock  wave  propagating 
from  right  to  left.8  (b)  and  (c)  computer  simulation, 
48  and  30  ns  after  ikm/s  impact  onto  10%  porous  rods.9 
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Previous  experimental  data  has  demonstrated  that  most  of  the 
shock  energy  goes  into  frictional  sliding  and  plastic  deformation 
at  surfaces  of,  e.g.  diamond  grains,  and  that  these  become  coated 
with  a  (carbon)  melt.  (At  high  dynamic  pressures,  diamond  melts 
rather  than  vaporizing  as  it  does  at  lower  pressures) .  For 
consolidation  to  occur,  the  thermal  content  of  the  molten  carbon 
layer  on  the  particle  surface  must  be  transferred  via  both 
Fourier  and  radiative  heat  transfer  into  the  interior  of  the 
diamond  grain  in  time,  tf,  before  dynamic  pressure  is  relieved. 

For  the  simplest  model  of  shock  consolidation  then,  the  maximum 
mass  fraction  of  melted  material,  L,  is  given  by  Ahrens  et  al10: 


[Cp(Ta-T0)  +AHm] 

Eguation  (1)  assumes  that  the  kinetic  energy  (per  unit  mass)  of 
particle  motion  (velocity,  u)  equals  the  internal  energy  deposit¬ 
ed  by  the  shock  and  all  this  energy  goes  into  heating  a  mass 
fraction,  L,  which  is  at  the  surface  layer  of  the  powder  grains. 
The  thermal  energy  goes  into  raising  the  initial  temperature,  T0, 
to  the  melt  temperature  Tm,  and  the  associated  enthalpy  of 
melting  is  AH^.  Here,  Cp  is  the  specific  heat.  For  particle 
velocities  of  -103  m/sec,  values  of  L  ~  o.05  are  calculated  for 
the  properties  of  diamond.  Particle  velocities  of  ~103  m/sec  in 
diamond  powders  with  initial  bulk  density  of  ~2.0  g/cm3  or  60% 

TMD  (3.^1  g/cm3),  are  achieved  using  shock  pressures  of  20  GPa. 


The  duration  of  the  shock  pulse  must  exceed  the  time  re¬ 
quired  to  quench  the  molten  layer  surrounding  each  grain.  Quench¬ 
ing  or  freezing  time,  tf,  is  given  by  Potter  and  Ahrens  as:11 


t  -  *D(  L  I' 

f  16  [  DCp[Tm-Ta. 


(2) 


where  D  is  thermal  diffusivity  and  d  is  mean  grain  diameter.  For 
the  thermal  properties  of  diamond,  assuming  an  8  particle 
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diameter,  the  freezing  time  is  very  short  (-10'8  s) ,  compared  to 
the  typical  durations  of  shock  consolidation  pressure  pulses  (10"6 
to  10'5  s)  .  Equation  (2)  allows  prediction  of  the  largest  grain 
size  which  may  be  shock  consolidated  for  a  given  duration  pres¬ 
sure  pulse,  which  for  diamond  with  tf  =  10-6  s,  is  ~1Q2  urn. 

ibl  Homogeneous  Heating  Model:  Samples  consolidated, 

starting  with  material  at  room  temperature  within  the  sample 
sliding  regime  (as  described  by  the  physics  outlined  in  (a)) 
suffer  from  excessive  brittle  rather  than  the  desired  ductile 
deformation.  In  laboratory  experiments,  two  approaches  have  been 
utilized  which  allow  plastic  (dislocation  generation  and  motion) 
deformation  under  shock  loading  conditions  to  occur.  High 
temperature  quasi-static  deformation  studies  by  Brookes  et  al.12 
demonstrate  that  dislocation  generation  can  be  associated  with 
plastic  deformation  in  diamond  at  pressures  above  10  GPa  at 
temperatures  as  low  as  1300  K.  Because  of  the  marked  incompress¬ 
ibility  of  diamond,  this  relatively  modest  temperature  is, 
however,  not  easily  achieved  (except  on  grain  boundaries)  upon 
dynamic  consolidation  of  the  usual  60  to  70%  of  crystal  density 
starting  powders.  Continuum  temperatures,  in  which  thermal 
equilibrium  between  the  grain  boundaries  and  the  center  of  the 
powder  grain  are  assumed,  have  been  calculated  and  are  shown  in 
the  carbon  phase  diagram  in  Figure  2  for  graphite  (m  =  1)  and  for 
porous  diamond  for  m  =  1.43  and  m  =  1.92.  Here  m,  the  disten¬ 
sion,  is  the  ratio  of  the  crystal  density  to  powder  density. 

Continuum  temperatures  shown  in  Figure  2  are  achieved  when 
thermal  equilibrium  times,  te  (~  d2/D)  are  attained.  For  10  urn 
diamond  grain,  te  =  lO^5  sec.  For  very  small  crystallites,  the 
shock  transit  time  through  the  grain  approaches  tf  and  consoli¬ 
dation  of  0.1  mio  diameter  grains  are  predicted  to  be  difficult. 
This  is  because  although  a  thin  film  of  molten  material  may  form 
around  these  tiny  grains,  the  excess  heat  of  the  film  is  both 
radiated  and  conducted  into  the  interior  of  diamond  particle  so 
rapidly  that  consolidation  between  diamond  grains  cannot  occur. 
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Fig.  2.  Phase  diagram  of  Carbon.  Principle  Kugoniot  (m=i.oo) 

intersection  with  metastable  extension  of  graphite  melt 
line  is  predicted  to  form  carbon  glass.  Goncharov  et 
al13  demonstrated  that  graphite  forms  carbon  glass  upon 
static  compression  above  20  GPa.  Porous  diamond  Hugoni- 
ots  with  distensions  of  1.43  and  1.92  are  shown. 


However,  for  grains  with  diameters  within  the  range  of  1 
to  10  Mm  and  for  distensions  approaching  ra  =  2  (e.g.,  m  =  1.92  of 
Figure  4)  shock  temperatures  approaching  the  regime  of  plastic 
(dislocation  controlled)  deformation  is  expected.  Such  plastic 
deformation  of  diamond  has  recently  been  reported  upon  shock 
consolidation  of  -0.5  Mm  diamond  powder  by  Hondo  and  Sawai.54  Very 
recently,  Hokamoto  et  al.15  reported  markedly  well  shock  consoli¬ 
dated  diamond  powders  were  obtained  upon  preheating  assemblies  to 
relatively  modest  temperatures  (900°K)  .  Thus,  by  both  starting 
with  highly  porous  fine-grained  powders  and/or  preheating  pow¬ 
ders,  well  consolidated,  crack-free  diamond  compacts  can  be 
obtained  via  the  dynamic  method. 
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Xssl  consolidation  of  Diamond  Via  Phase  Transition:  A 

third  route  to  shock  consolidation  of  diamond  has  been  demon¬ 
strated  by  Potter  and  Ahrens16.  They  employed  fine  grained  graph¬ 
ite  as  a  coating  on  diamond  powders  prior  to  shock  consolidation. 
Graphite  is  a  low  pressure  phase  of  carbon  with  an  initial 
crystal  density  of  2.26  g /cm3,  whereas  the  high  pressure  phase  of 
carbon,  diamond,  has  a  crystal  density  of  3.51  g/cm3.  As  demon¬ 
strated  in  Fig.  2,  shock  compression  of  graphite  above  2.5  GPa, 
drives  the  graphite  phase  into  the  stability  field  of  diamond. 
However,  a  large  number  of  previous  studies16  of  shock  compression 
of  graphite  demonstrate  that  due  to  inhibition  by  kinetic  ef¬ 
fects,  a  factor  of  ten  greater  pressure  is,  in  fact,  required  to 
shock-induce  the  graphite  to  diamond  phase  transition.  Also, 
recently,  Goncharov  et  al.13  have  demonstrated  that  above  20  GPa, 
graphite  undergoes  an  intermediate  transformation  to  a  glassy 
phase  (see  Figure  4  also)  prior  to  transformation  to  diamond. 
Thus,  the  effect  of  coating  a  fine  layer  of  graphite  onto  diamond 
powder  is  observed  to  assist  the  consolidation  by  the  formation 
of  both  fine  grained  diamond  and  a  glassy  phase  which  provides  an 
interdiamond  grain  bonding  agent. 


1.3  Prior  Work  and  Rationale 


In  this  section,  prior  work  on  diamond  powder  compaction, 
that  formed  the  basis  of  the  current  study  will  be  briefly 
reported.  Various  attempts  have  been  made  to  consolidate  diamond 
powders  by  shock  consolidation. 18  In  recent  years,  the  attempts 
by  Potter  and  Ahrens, 1U6  Akashi  and  Sawaoka , 19ro  Yoshida  et  al.,21 
and  Rondo  and  Sawai14  have  demonstrated  successful  compaction. 
Potter  and  Ahrens16  used  diamond  powders  of  different  particle 
sizes,  and  observed  good  consolidation  but  pronounced  fracturing 
with  100-150  jim  powders,  minimum  consolidation  with  ultrafine 
submicron  powders,  and  strong  well  bonded  (80-85%  dense)  compacts 
with  4-8  jim  powders.  Their  results  are  essentially  similar  to 
those  of  Akashi  and  Sawaoka, 1920  who  also  explained  that  the  shock 


consolidation  mechanisms  for  diamond,  include  densif ication  by 
particle  fracture  and  solid-state  bonding  for  coarse  powders  and 
by  plastic  deformation  and  solid-state  fusion  for  fine  powders. 

Shock  consolidation  experiments  performed  by  Kondo  and 
Sawai14  have  been  based  on  the  mechanistic  analysis  applied  to 
ultrafine  powders.  In  this  treatment  consideration  is  given  to 
spatial  and  temporal  partitioning  of  shock-induced  thermal 
energy,  between  skin  (surface  layer)  and  bulk  particle.  Thus, 
according  to  this  treatment,  the  diamond  powder  particle  dimen¬ 
sions  need  to  be  smaller  than  the  heat  dissipation  time  through 
the  skin  thickness.  The  experiments  of  Kondo  and  have  yielded 
good  compaction  with  densities  in  the  85-90%  range,  although  the 
compacts  have  been  extensively  cracked  and  measurable  levels  of 
graphitization  have  been  observed. 

The  extensive  prior  works  on  shock  consolidation  of  diffi- 
cult-to-bond  ceramic  and  metallic  powders  have  revealed  that  full 
densif ication  can  be  achieved  by  the  shock  compression  process 
along  with  complete  retention  of  the  characteristics  of  the 
starting  materials.  The  rationale  for  the  present  work  was 
therefore  to  advantageously  utilize  the  beneficial  properties  of 
the  high  thermal  conductivity  type  Ila  natural  diamond  powders 
and/or  the  synthetically  made  high  quality  diamond  powders.  In 
addition,  unlike  other  diamond  substrate  fabrication  techniques 
that  involve  diamond  growth  rates  of  several  microns  per  hour  and 
have  size  and  scaling  limitations,  the  shock  compaction  technique 
is  energy  efficient,  involves  very  quick  processing  times,  and 
has  virtually  no  size  or  scaling  limitations. 


1.4 


Obi actives.  Program  Plan, 


and  Approach 


The  objectives  of  our  program  was  to  fabricate  diamond  com¬ 
pacts,  to  near  solid  density,  by  shock  consolidation  of  powders. 
The  emphasis  of  the  study  was  focussed  on  establishing  the 
consolidation  criterion  and  optimum  conditions  of  process  vari¬ 
ables  and  powder  characteristics,  that  yield  diamond  compacts 
with  high  density  as  well  as  high  thermal  conductivity. 


The  approach  adopted  was  to  conduct  consolidation  experi¬ 
ments  on  different  types  of  diamond  powders  (natural  and  synthet¬ 
ic)  after  subjecting  them  to  various  heat  treatments  and  surface 
conditioning  operations.  The  shock  consolidation  experiments 
were  conducted  at  different  shock-compression  conditions,  at¬ 
tained  by  impacting  powders,  packed  at  different  initial  green 
densities,  at  different  velocities. 


The  recovered  diamond  compacts  were  characterized  by 
density  measurements  and  a  variety  of  microstructural  analysis 
tools  including  x-ray  diffraction,  scanning  electron  microscopy, 
Raman  spectroscopy,  and  thermal/electrical  conductivities. 
Finally,  heat  flow  computations  were  made  to  correlate  the 
consolidation  characteristics  based  on  degree  of  bonding  and 
interparticle  densif ication,  and  the  various  suggested  consolida¬ 
tion  mechanisms. 


In  the  following  chapters,  we  will  provide  a  detailed 
description  of  the  experimental  approach,  including  the  types  and 
characteristics  of  starting  diamond  powders,  the  shock  compaction 
technique  and  process  variables,  and  compact  characterization 
approach  and  technique.  Details  of  the  experimental  results, 
highlighting  the  effects  of  different  processing  variables  will 
be  presented  in  Chapter  3,  the  microstructural  characteristics  in 
Chapter  4,  and  thermal  conductivity  measurements  in  Chapter  5. 

The  compaction  criterion  and  consolidation  mechanisms  relevant  to 
diamond  powders  will  be  discussed  Chapter  6,  and  a  summary  and 
concluding  remarks  will  be  provided  in  Chapter  7. 
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EXPERIMENTAL  TECHHIOP 


In  order  to  develop  an  optimum  shock  processing  scheme 
required  for  making  1  mm  thick  free-standing  diamond  substrates, 
a  test  matrix  was  established  to  study  three  classes  of  vari¬ 
ables,  including:  shock  processing  environment,  shock  loading  and 
unloading  conditions,  and  choice  of  starting  material  character¬ 
istics.  More  specifically,  the  following  variables  were  studied 
in  the  present  program. 

(a)  Choice  of  Diamond  Powder.  Nature  or  Man-Made.  Type  I /II 
The  thermal  diffusivity  of  shock  consolidated  diamond  from 
nature,  man-made.  Type  I  and  Type  II,  and  Type  Ila  enriched  in 
l2C*2  may  be  widely  different.  Several  of  these  powder  types  were 
used  to  determine  which  of  a  possible  range  of  starting  materials 
are  most  effective  for  shock  consolidation. 


(b)  Initial  Particle  Size  and  Distribution  -  Successful 
shock  consolidation  has  been  conducted  on  diamond  starting  with 
grain  sizes  of  0.1  -  30  jLtm.  Consolidation  experiments  to  opti¬ 
mize  particle  size  and  distribution  as  a  function  of  shock  ampli¬ 
tude  and  duration  were  performed  to  generate  information  needed 
for  full-scale  processing. 

(c)  Porosity  -  Successful  shock  consolidation  has  also  been 
conducted  for  diamond  powders  with  30  to  48%  porosities.  Thus,  a 
series  of  systematic  studies  were  conducted  to  delineate  the 
range  of  initial  porosities  for  optimum  shock  processing. 

(d)  Shock-Induced  Thermal  Annealing  -  Previous  studies  have 

demonstrated  that  by  embedding  diamond  powders  in  between  layers 
of  powder  mixtures  which  undergo  shock-induced  exothermic  reac¬ 
tions,  such  as,  Fe203  +  2A1  -*  2  Fe  +  Al203  (3) 

Ti  +  C  -*  Tic  (4) 

temperature  rises  of  ~103K  can  be  achieved.  The  heat  in  the 
mixture  then  propagates  into  the  diamond  compact  during  its 
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cooling  from  the  consolidation  temperature.  Crack-free  compacts 
have  been  made  by  this  technique.  A  limited  number  of  experi¬ 
ments  were  performed  to  explore  the  feasibility  of  this  approach. 


(e)  Impedance  Matching  Media  -  In  previous  studies  two  ap¬ 
proaches  to  obtaining  shock  consolidated  crack-free  free-standing 
plates  of  polycrystalline  diamond  have  been  researched.  Sur¬ 
rounding  the  diamond  powder  in  a  non-bonding  impedance  matching 
media  (e.g.,  porous  A1203)  appears,  from  the  recent  work  of  Mutz 
and  Vreeland,22  to  be  a  promising  method  which  can  eliminate 
cracking  upon  stress  wave  unloading.  In  this  case  a  single  shock 
wave  does  the  consolidation.  Experiments  to  evaluate  the  suit¬ 
ability  of  Al203  as  the  enclosing  media  for  shock  consolidation 
were  conducted  in  the  present  work.  Another  approach  adopted  was 
to  employ  plates  of  a  refractory  metal  (e.g.,  tungsten)  surround¬ 
ing  the  diamond  powder,  in  which  case  multiple  reflected  shocks 
consolidate  the  diamond. 

(f)  Shock  Energetics  -  The  optimum  shock  pressure,  and 
hence,  energy  for  compaction  of  different  porosity  media  was  ex¬ 
plored.  In  particular,  the  attempts  were  focussed  on  establish¬ 
ing  the  narrow  window  within  which  sufficient  energy  localization 
only  to  heat  and  fuse  diamond  particles  is  available,  without 
having  the  heat  be  retained  for  long  enough  times  that  can  lead 
to  formation  of  non-diamond  phases. 


2.1  Diamond  Powders  and  Characteristics 

Diamonds  are  generally  classified,1  according  to  their 
optical  and  electrical  properties  and  their  impurity  contents, 
into  four  types  of  single  crystal  material  and  two  types  of 
polycrystalline  natural  diamond.  Type  la  are  by  far  the  most 
abundant  (-98%)  type  of  natural  diamond.  These  diamonds  contain 
up  to  0.1%  nitrogen  causing  them  to  strongly  absorb  ultraviolet 
light.  Nitrogen  also  induces  infrared  absorption  and  limits 


thermal  conductivity.  Type  lb  diamonds  are  typical  of  those 
produced  by  high  pressure  synthesis,  but  account  for  only  1%  of 
natural  diamonds.  These  contain  up  to  0.2%  nitrogen  incorporated 
in  the  lattice.  Their  optical,  thermal,  and  electrical  proper¬ 
ties  are  similar  to  type  la  diamonds.  Type  Ila  and  lib  diamonds 
are  both  very  rare.  They  are  practically  free  of  nitrogen,  have 
the  highest  thermal  conductivity  and  fairly  low  electrical 
resistivity,  and  are  p-type  semiconductors. 

Carbonados  and  ballas  are  naturally  occurring  but  extremely 
rare  (0.2%)  of  all  polycrystalline  diamonds.  Carbonados  contain 
graphite  and  other  impurities,  but  are  much  tougher  than  single¬ 
crystal  diamonds,  hence  are  generally  used  for  abrasive  applica¬ 
tions.  Carbonados  can  also  be  synthesized  and  sintered  to  make 
cutting  tools.  Balias  diamonds  are  round,  dense  and  randomly 
oriented  polycrystals,  which  do  not  cleave  and  are  thus  very 
impact  resistant. 

A  variety  of  different  types  of  commercially  available 
natural  and  synthetic  diamond  powders  were  acquired  in  the 
present  work.  The  selection  of  the  starting  diamond  powders  was 
based  on:  (i)  properties  relevant  to  substrate  performance,  (ii) 
properties  desirable  for  shock  compaction  and  (iii)  cost  and 
commercial  availability  of  the  powders.  There  exists  very  little 
information  on  thermal  properties  of  the  different  types  of 
commercially  available  natural  and  synthetic  diamond  powders, 
relevant  to  electronic  substrate  applications.  The  property  of 
powders  of  important  consideration  relevant  to  shock  consolida¬ 
tion  is  the  particle  morphology  (shape,  size,  and  surface  charac¬ 
teristics)  .  As  is  obvious  from  Section  1.2  and  1.3,  the  consoli¬ 
dation  mechanisms  and  recovery  of  diamond  compacts  can  be  signif¬ 
icantly  affected  by  starting  powder  morphology.  Powder  morpholo¬ 
gy  also  affects  the  green  density,  and  therefore  the  shock 
consolidation  conditions.  The  various  types  of  powders  used  in 
the  present  study  are  listed  in  Table  I. 


TABLE  I  -  TYPES  AND  CHARACTERISTICS  OF  DIAMOND  POWDERS 


WARREN  6E  300S  Metal  Bonded  synthetic 

-  Lot  #  711  H-l  (  1-2,  2-4,  and  4-8  M®) 

-  Lot  #  101  H-4  (  2-4  and  4-8  Mm) 

-  Lot  #  927  H-9  (10-15  Mm) 


DAC  DeBeers  Synthetic 


-  Lot  #  S  9225/2  (2-8  Mm) 

-  Lot  #  S  90237  (10-20  fim) 


DAC  DeBeers  Natural 


-  Lot  #  N  9226/1  (2-8  fim) 

-  Lot  #  N  91168  (10-20 


Dubble  Dee  Harris  300  S  Synthetic 

Mir  (J;  -  Lot  #  1119H-12  (0  -  1/2  Mm) 

-  Lot  #  6221-4  (1/2  -  1  Mm) 

-  Lot  #  591-3  (8  -  12  Mm) 

Mir  (II)  -  Lot  #  6221-4  (1/2  -  1  Mm) 

-  Lot  #  4301-10  (1-2  M®) 

-  Lot  #  6241-17  (16  -  20  Mm) 


#  The  morphology  of  most  widely  used  diamond  powders  is  shown 
in  the  SEM  micrographs  in  Figures  5-8.  The  typical  particle  size 
distribution  of  some  of  the  powders  is  shown  in  Figure  9  (a) , 

(b) ,  and  (c) .  The  above  listed  diamond  powders  received  from  the 

•  different  vendors  were  all  claimed  to  be  of  high  purity.  Howev¬ 
er,  in  some  batches  metallic  tantalum  was  detected  by  EDX  analy¬ 
sis.  There  was  no  information  available  on  the  content  of 
volatiles  (particularly  moisture)  in  the  diamond  powders. 
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Morphology  of  Warren  GE  synthetic  diamond  powder, 
(a)  looox  and  <b)  sooox  Lot  #  ioiH-4. 


Fig.  6.  Morphology  of  Warren  GE  synthetic  diamond  powder, 
(a)  looox  and  (b)  2S00X  Lot  #  927H-9. 
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Fig.  9 


Morphology  of  Dubbledee  Harris  synthetic  diamond  powder 
(a)  1000X  and  <b)  5000X  Fine  Mix  (I) . 
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Fig.  9(c,d).  Morphology  of  Dubbledee  Harris  synthetic  diamond 
powder  (c)  looox  and  (d)  5000X  Coarse  Mix  (II) . 
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Another  aspect  explored  in  this  program  was  pre-compaction 
treatment  of  the  commercially  available  diamond  powders  to  assist 
in  the  consolidation  process.  Previous  studies  have  shown  that 
localized  surface  heating  is  necessary  to  produce  local  melting 
and  particle  fusion.  To  achieve  the  required  surface  tempera¬ 
tures,  it  is  also  necessary  to  avoid  rapid  thermal  equilibration 
of  the  surface  with  the  particle  interior. 

It  may  be  possible  to  substantially  improve  the  fusability 
of  the  powders  by  tailoring  the  surface  morphology  to  maximize 
interparticle  deformation/ friction  and  heat  localization,  and 
thus,  assist  in  bonding.  This  can  be  accomplished  by  either 
cleansing  the  surface  by  heat  treatment  in  vacuum  or  controlled 
atmosphere,  or  by  altering  the  diamond  powder  surface  by  oxida¬ 
tion,  CVD  coating,  and  f lourination.  Different  types  of  powder 
treatments  used  in  the  present  study  are  listed  in  Table  II. 


TABLE  II  -  DIAMOND  POWDER  TREATMENTS  AND  COATINGS 

(a)  Annealing  at  800°C  for  8  hours  in  flowing  Ar  gas 

(b)  Baking  at  200°C  for  5  hours  in  100  jim  vacuum 

(c)  Surface  oxidation  of  diamond  particles  at  800°C  for  1  hour 

(d)  Mixing  of  diamond  powders  with  additives  such  as  Cw  and  Cu 

(e)  Coating  of  powders  with  Cw  dispersed  in  toluene 

(f)  Fluorination  of  diamond  powders 


Flourination  of  the  diamond  powders  was  performed  with  the 
assistance  of  Mr.  John  D.  Hewes  collaborating  with  Dr.  Zafar 
Iqbal  at  Allied-Signal,  Inc.  The  objective  of  the  flourination 
treatment  was  to  replace  the  oxygen  ions  with  flourine  ions  on 
the  surface.  To  the  best  of  our  knowledge  this  is  the  first 
flourination  study  of  diamond  powders  ever  attempted. 


20 


The  diamond  powders  were  flourinated  in  a  monel  tube  fitted 
with  316  SS  elbows/reducers,  thoroughly  cleaned  using  deter¬ 
gent/water/methylene  chloride/methanol.  The  cleansed  tube  is 
placed  in  a  Lindburg  13305  tube  furnace  equipped  with  a  Furnatron 
I  temperature  controller.  After  flushing  with  pre-pur if ied 
nitrogen  at  400 °C  and  cooling  to  ambient  temperature,  the  monel 
reactor  is  loaded  with  a  monel  boat  and  is  passivated  with 
flourine  gas  (Air  Products  and  Chemical  Inc.,  98+%,  purified  with 
sodium  biflouride)  according  to  the  following  schedule: 


DAY  1 

DAY  2 

DAY  3 

1  hr, 

3%  F2 

50°C 

150°C 

300°C 

1  hr. 

5%  F2 

50°C 

150°C 

3  00°C 

1  hr, 

20%  F2 

50°C 

150°C 

300°C 

1  hr. 

43’  F2 

50°C 

150°C 

30  0°C 

18  hr. 

100%  F2 

50°C 

150°C 

300°C 

The  monel  boat  is  then  removed  from  the  reactor  and  placed  inside 
a  freshly  regenerated  Ar-filled  glove  box  containing  0.89  g  of 
the  diamond  powder.  The  boat  is  filled  with  the  powder  and  again 
placed  in  the  reactor  tube  under  a  strong  flow  of  nitrogen  gas. 
The  diamond  powder  is  dried  for  about  15  minutes  at  700°C  under  a 
flow  of  nitrogen  (ca,  15  seem).  Upon  cooling  to  250°C,  F2  diluted 
with  N2  is  admitted  into  the  reactor  according  to  the  following 
schedule: 


l  hr 

1% 

f2 

§ 

200 

seem 

1  hr 

3% 

f2 

@ 

200 

seem 

0.5  hr 

6% 

f2 

@ 

200 

seem 

0.5  hr 

12% 

f2 

@ 

200 

seem 

0.5  hr 

25% 

f2 

@ 

100 

seem 

0.5  hr 

50% 

f2 

@ 

50 

seem 

The  reactor  is  cooled  to  ambient  temperature  under  nitrogen  flow. 
The  sample  is  removed  inside  a  nitrogen-filled  glove  bag  and 
transferred  to  a  glove  box.  XPS  analysis  indicated  that  the 
diamond  powders  contained  83.5  atom%  C,  15  atom-%  F,  and  1.5 
atom-%  0.  A  comparison  of  XPS  traces  of  untreated,  flourinated, 
and  f lourinated+air  exposed  diamond  powders  is  shown  in  Fig.  10. 
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Pig.  10.  XPS  traces  of  (a)  untreated,  (b)  flourinated,  and  (c) 
flourinated  +  air  exposed  diamond  powders. 
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2.2  Shock  Compaction  Experimental  tMambHea 


A  variety  of  techniques1*  employing  explosive  detonation  or 
gun  impact  techniques  can  be  used  to  produce  shock  waves  of  the 
desired  amplitude  and  duration  for  diamond  powder  consolidation. 
In  the  present  work,  the  well-calibrated  CETR/Sawaoka  plate 
impact  system,  shown  schematically  in  Figure  11,  was  used.  The 
system  consists  of  twelve  powder  containing  304  stainless  steel 
capsules,  embedded  in  a  stainless  steel  target  plate  backed  by 
another  momentum  trapping  steel  plate.  A  plane-wave  lens  is  used 
to  detonate  the  main  explosive  (PBX  9404)  pad  of  desired  thick¬ 
ness  and  accelerate  a  flyer  plate  to  impact  the  capsule  assembly. 
The  plane  wave  lens  contains  two  types  of  explosives:  an  outside 
detasheet  explosive  of  a  faster  detonation  velocity  (Df)  and  an 
inside  emulsion  explosive  of  slower  detonation  velocity  (D.)  . 

Upon  maintaining  the  cone  angle  equal  to  sin1  (Df/DJ  ,  a  planar 
detonation  front  is  initiated  in  the  main  explosive. 

The  flyer-plate  impact  velocity  can  be  calculated  using  the 
simplified  Gurney-Kennedy  equation,23,24  which  considers  the 
chemical  energy  of  the  explosive  to  be  transformed  into  the 
kinetic  energy  of  the  explosive  products  and  the  metal  fragments. 
The  analysis  yields  the  terminal  velocity  of  the  flyer  plate,  v„, 
as  a  function  of  the  ratio  of  the  mass  of  metal  flyer  plate  (M) 
and  explosive  charge  mass  (C) .  Therefore, 


N 


i  . 


4(4) 


(5) 


where,  / 2E  is  the  Gurney  energy  (in  units  of  velocity).  The 
impact  velocity  and  planarity  can  also  be  measured  using  a 
network  of  contact  pins  placed  across  the  impact  surface  at 
different  heights.  The  flyer  arrival  time  at  different  pins 
heights  and  positions  gives  the  impact  velocity  and  planarity. 


Detonator 


Fig.  11.  Schematic  of  the  CETR/Saw&oka  12 -capsule  shock  recovery 
fixture  configuration  and  explosive  loading  system. 

Cylindrical  compacts  (12  mm  diameter  by  1-5  mm  thick)  are 
produced  with  this  system.  The  system  is  particularly  suitable 
for  conducting  high-pressure  recovery  experiments  (at  10-100 
GPa) ,  and  has  the  advantage  that  it  can  create,  at  one  time,  12 
different  combinations  subjected  to  similar  shock  conditions. 
However,  with  such  an  assembly,  2-D  effects  can  dominate  the 
loading  process  within  the  low-density  powders  encapsulated  in 
solid  steel  containers,  resulting  in  radial  focussing  and  genera¬ 
tion  of  extreme  pressures  along  the  compact  axis.  Fig.  12  shows 
2-D  simulations  of  variation  of  shock  pressure  and  mean-bulk 
temperature  with  time  for  55%  dense  rutile  at  1.9  km/s.25  Realis¬ 
tic  shock  conditions  actually  rely  on  impact  planarity,  and  the 
parallelism  and  flatness  of  all  surfaces  normal  to  the  shock. 

For  diamond  powders,  2-D  effects  may  not  be  so  significant 
due  to  its  high  shock  velocity,  particularly  with  powders  packed 
at  green  densities  greater  than  70%  TMD,  and  also  since  the 
compact  diameter  is  significantly  larger  than  the  thickness.  In 
such  a  case  a  1-D  average  pressures  can  be  calculated.  Figure  13 
shows  a  typical  pressure-time  profile  for  a  2  mm  thick  70%  dense 
diamond  powder  compact,  obtained  using  MY1DL  program,24  the 
Hugoniot  of  diamond  shown  in  Fig.  14. 
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PRESSURE  (GPA)  CONTOURS  FOR  1.9  KM/S 
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Fig.  12(a).  Numerically  computed  peak  pressure  contours  at 

different  times  for  1.9  km/s  impact  velocity  with¬ 
in  and  in  the  vicinity  of  capsule  cavity  for  shock 
moving  from  bottom  to  top.25 
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TEMPERATURE  CONTOURS  FOR  1.9  KM/S 
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Fig.  12(b).  Numerically  computed  mean-bulk-temperature  con¬ 
tours  plotted  as  function  of  time  for  1.9  km/s 
impact  velocity  within  and  in  vicinity  of  capsule 
cavity  for  shock  moving  from  bottom  to  top.2* 


Pressure  (GPa) 


A  modification  of  the  twelve  capsule  system  was  also  adopted 
in  the  present  work.  In  this  case  a  four  capsule  assembly  was 
built  to  yield  25  mm  diameter  by  2  mm  thick  compacts.  The  impact 
conditions  used  were  such  that  shock  consolidation  conditions 
similar  to  the  12-capsule  system  could  be  maintained.  Figure  15 
shows  a  schematic  of  the  4-capsule  fixture  assembly. 
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Fig.  15.  Schematic  of  the  CETR/Savaoka  4-capsule  shock  recovery 
fixture  configuration  and  explosive  loading  system. 


The  shock  compaction  experiments  at  CalTech  were  performed 
using  the  20  mm  and  40  mm  propellant  driven  gun  systems.  The 
target  fixture  was  especially  designed  to  allow  safe  recovery  of 
the  shock  compacted  samples  made  at  impact  velocities  greater 
than  1.5  km/s.  A  schematic  of  the  target  container  fixture  is 
shown  in  Figure  16.  The  advantage  of  this  system  is  that  it 
enables  the  consolidation  experiments  to  be  performed  under 
controlled  vacuum  or  inert  atmosphere. 


Fig.  16.  Schematic  of  the  CalTech  target  recovery  fixture  used 

with  the  20  mm  and  40  mm  propellant  driven  gun  systems. 
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2.3  Diamond  Compact  Recovery  and  Characterization 


The  shock  consolidated  diamond  compacts  were  recovered  by 
carefully  machining  the  steel  capsules.  The  compacts  were  then 
ground  using  diamond  micro-grid  to  obtain  parallel  surfaces. 
Density  measurements  were  made  using  Archimedes  method.  The 
compacts  were  initially  characterized  under  a  low  magnification 
stereo  microscope  for  general  appearance.  The  surface  roughness 
of  the  compacts  was  monitored  by  SEM  analysis.  SEM  coupled  with 
EDX  analysis  was  also  performed  to  provide  information  regarding 
phase  purity  of  both  the  diamond  powders  as  well  as  the  bulk  and 
surface  regions  of  the  diamond  compacts. 

Raman  scattering  spectroscopy  was  used  together  with  x-ray 
diffraction  to  determine  phase  purity  of  diamond  compacts.  The 
presence  of  diamond  phase  is  signalled  by  appearance  of  a  sharp 
resonance  at  1332  cm1.  Raman  scattering  is  also  sensitive  to  the 
presence  of  graphite  and  other  disordered  carbon  forms.  Using 
cross-sectional  corrections  and  peak  widths  the  volume  fraction 
of  diamond  and  residual  strain  in  the  compacts  can  be  determined. 

Electrical  resistivity  measurements  were  performed  using  the 
four-probe  technique,  with  both  AC  and  DC  currents.  A  variable 
temperature  substrate  holder  was  employed  to  measure  the  electri¬ 
cal  resistances  at  various  positions  on  the  compacts. 

Thermal  conductivity  of  the  diamond  compacts  was  determined 
by  an  indirect  method  employing  phonon  velocity  and  correlating 
it  to  the  thermal  conductivity  of  diamond  using  the  Debye  formula 
for  dielectric  solids.  A  direct  measurement  of  conductivity  was 
also  made  using  the  laser  pulsed  photothermal  radiometry  tech¬ 
nique  generally  applicable  for  thin  samples. 
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Shock  compaction  experiments  were  performed  using  explosive¬ 
ly  accelerated  plate-impact  assembly  at  New  Mexico  Tech  and 
propellant  driven  40  mm  gun  system  at  CalTech.  Experiments  on 
diamond  powders  of  different  types,  particle  morphology,  size 
distribution,  and  surface  treatment,  were  done  at  an  impact 
velocity  range  of  1. 5-2.1  km/s.  The  initial  porosity  of  the 
green  compact  and  peak  pressure  determine  the  total  shock  energy 
input  into  powders.  Thus,  the  greater  the  initial  porosity  the 
larger  are  the  bulk  and  surface  temperatures.  Rapid  cooling  from 
the  shock  temperature  can  generate  thermal  stresses  and  possibly 
induce  cracking  of  the  diamond  compacts,  and  long  thermal  excur¬ 
sions  can  make  diamond-to-graphite  transition  possible. 

The  goal  in  shock  compaction  of  diamond  powders,  is  thus,  to 
input  just  sufficient  shock  energy  to  fuse  the  powders  without 
causing  long  thermal  excursions,  and  thereby  prevent  formation  of 
non-diamond  (graphite  or  amorphous  carbon)  phases.  High  initial 
packing  densities  (65%-75%  TMD) ,  obtained  via  use  of  powders  with 
appropriate  particle  size  distribution  can  minimize  long-term 
temperature  exposures.  Introducing  texture  or  non-thermally  con¬ 
ducting  coating  on  diamond  particles  can  allow  energy  localiza¬ 
tion  and  heat  retention.  Thus,  with  the  use  of  optimal  powder 
packing  and  surface  treatments,  it  may  be  possible  to  remain  in 
the  narrow  window  of  energy  required  for  interparticle  fusion 
without  conversion  of  interface  layer  to  non-diamond  phases. 


3 .  l  Powder  Rheolocrv  and  Compressibility 

Physical  and  rheological  characterization  work  on  diamond 
powders  was  done  at  CalTech.  Typical  apparent  and  tap  densities, 
and  friction  index,  of  diamond  powders  before  and  after  surface 
are  listed  in  Table  III.  An  example  of  static  powder  loading 
curves  for  DAC  DeBeers  synthetic  powder  in  as-received  and  oxida¬ 
tion  state,  shown  in  Fig.  17,  reveals  the  modified  static  com- 


pressibility,  due  to  altered  surface  characteristics,  which  can 
affect  the  flow  and  packing  characteristics  of  the  powders. 

TABLE  III  -  MEASURED  RHEOLOGICAL  PROPERTIES  OF  DIAMOND  POWDERS 


POWDER 

TAP 

DENSITY 

(g/cc) 

APPARENT 

DENSITY 

(g/cc) 

FRICTION 

INDEX 

GE  SYN,  1-8  ju m 

1.36 

0.85  the 

1.60 

DAC  DeBeers  NAT, 

1-10 

Mm 

1.68 

1.11 

1.51 

DAC  DeBeers  SYN, 

1-10 

Mm 

1.63 

1.05 

1.55 

GE  SYN,  1-10  Mm 

1.74 

1.19 

1.46 

GE  SYN,  1-8  iim 

1.62 

0.98 

1.65 

GE  SYN,  0.5-2  fim 

1.27 

0.76 

1.67 

Oxidized  GE  SYN, 

1-8 

Mm 

1.06 

0.56 

1.90 

Oxidized  DeBeers 

NAT 

— 

0.24 

- 

1-10  nm 


0«nsiiy  (Kg  m  J) 

Fig.  17.  Pressure-density  compressibility  curves  of  as-received 
and  surface  oxidized  DeBeers  synthetic  powder. 


2-i_2  Experimental  Results 


A  brief  summary  of  the  various  shock  compaction  experiments 
conducted  using  the  explosive  system,  along  with  experimental 
conditions  and  the  main  variables  studied  is  listeo  in  Table  V. 
More  specific  details  are  provided  in  the  sample  by  sample 
tabulation  of  all  experiments  in  Appendix  -  A. 

The  compacts  recovered  after  machining  the  samples  were 
ground  and  polished  by  standard  techniques.  Density  measurements 
were  performed  on  the  various  compacts  using  the  Archimedes 
method.  Comparisons  were  also  made  with  a  CVD  made  diamond  piece 
which  had  a  density  of  3.48  g/cc.  The  density  measurements  are 
reported  in  the  detailed  tabulation  of  the  sample/experiment 
listing  in  Appendix  -  A.  Densities  of  the  various  compacts  are 
also  plotted  as  a  function  of  initial  packing  density  in  Figure 
18  (a) ,  (b) ,  and  (c)  for  each  of  the  three  different  powder 
types:  Warren  GE  synthetic,  DAC  DeBeers  natural,  and  DAC  synthet¬ 
ic  diamond  powder  compacts.  It  is  seen  that  for  each  powder 
type,  initial  packing  densities  below  65%  consistently  result  in 
final  densities  <  75%,  while  for  packing  densities  greater  than 
65%,  the  final  compact  densities  range  between  85%  -  94%  TMD. 

Increasing  the  impact  velocity  from  1.7  to  1.9  km/s,  and 
therefore  the  shock  consolidation  conditions,  results  in  im¬ 
proved  densif ication  with  final  compact  densities  increasing  from 
70-75%  to  the  88-94%  TMD  range.  However,  a  further  increase  in 
shock  conditions  does  not  lead  to  any  more  densif ication.  A 
typical  variation  of  final  compact  density  with  impact  velocity 
for  the  DAC  DeBeers  natural  diamond  powder  is  shown  in  figure  19. 

The  diamond  compacts  were  also  characterized  via  electrical 
resistance  measurements.  A  fixture  consisting  of  two  probes  set 
5  mm  distance  apart  was  built.  Plots  showing  the  typical  varia¬ 
tion  of  ohmic  resistance  as  a  function  of  final  compact  density 
for  the  DAC  DeBeers  natural  and  synthetic  and  the  Warren  GE 
synthetic  powder  compacts  are  shown  in  Fig.  16  (a)  -  (c) . 


TABLE  V  -  SHOCK-COMPACTION  EXPERIMENTAL  CONDITIONS 
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NMG  9213  1.84  km/s  Warren  300  S,  DAC  Syn  and  Nat  1 1  of  12  recovered,  Ar-treated  powders  of  different  size  distri¬ 

butions  to  yield  high  packing  density 

NMG  9240  1.90  km/s  Dubble  Dee  Harris  300  S  12  of  12  recovered,  Ar-treated  powders  of  various  controlled 

size  distributions  to  yield  maximum  packing  density 


Compact  Density  %  Compact  Density  %  Compact  Density  % 


DAC  Natural 


DAC  Synthetic 


Warren  GE  300S 


55  80  65  70  75  80 


Packing  Density  % 

Fig.  18.  Plots  of  variation  of  final  compact  density  as  function 
of  initial  packing  density  for  (a)  DAC  natural;  (b)  DAC 
synthetic;  and  (c)  Warren  GE  synthetic  diamond  powders. 
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Resistance  (ohms)  Resistance  (ohms)  Resistance  (ohms) 


DAC  Natural 

+  Non-impact  A  impact 


DAC  Synthetic 

+  Non-impact  a  imp.c, 


Warren  GE  300S 

+  Non-impact  a  impact 


Fig.  20. 


83  88  89  92  95 

Compact  Density  (%) 

variati°n  of  ohmic  resistance  as  a  function  of 
?inal  compact  density  for  (a)  DAC  natural;  (b>  DAC 
synthetic;  and  (c>  Warren  GE  synthetic  diamond  powders. 
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CHAP.  4.  -  MICROSTRPCTURAL  CHARACTERISTICS  OF  DIAMOND  COMPACTS 

In  order  to  infer  the  presence  of  non-diamond  (graphitic  or 
amorphous  carbon)  phases,  several  types  of  microstructural 
characterization  techniques  were  adopted,  including  SEM  analysis, 
x-ray  diffraction,  and  Raman  spectroscopy.  The  results  of  these 
analysis  will  be  presented  in  the  following  subsections. 


4 . l  Scanning  Electron  Microscopy  (SEM)  Analysis 

The  recovered  diamond  compacts  (12  mm  diameter  by  1-2  mm 
thickness)  were  characterized  by  SEM  analysis  to  identify  specif¬ 
ic  features  present  on  the  polished  surfaces  of  the  compacts  as 
well  as  on  the  cross-section  surfaces  of  fractured  compacts. 
Microphotographs  of  typical  polished  impact  and  non-impact, 
surfaces  of  the  DAC  DeBeers  synthetic  diamond  powder  compact 
(sample  #  9131-10)  are  shown  in  Figure  21  (a)  and  (b) . 

An  SEM  image  sequence  (at  different  magnifications)  of  the 
typical  surface  of  this  compact  is  shown  in  Figure  22  (a)  -  (d) . 
The  degree  of  interparticle  bonding  is  more  clearly  revealed  in 
the  higher  magnification  image  sequence  shown  in  Fig.  23  (a)  - 
(d) .  The  fine  hair-line  type  of  openings  in  certain  areas  of  the 
compacts  are  actually  microcracks,  formed  perhaps  due  to  stresses 
generated  from  thermal  quenching  effects. 


The  interparticle  phase  was  more  clearly  detected  by  SEM 
analysis  performed  on  fractured  surfaces  of  compacts.  Figure  24 
(a) -(d)  shows  typical  fractured  surfaces  of  DAC  synthetic  diamond 
powder  compact  #  9131-10  from  two  different  areas.  The  rounded 
voids  in  (a)  and  (b)  clearly  indicate  evidence  of  melt  formation 
and  subsequent  solidification.  The  agglomerated  fine  particu¬ 
late-like  debris  around  the  melted  regions  appears  to  contain 
amorphous  material.  The  micrographs  in  Fig.  24  (c)  and  (d)  show 
cleaner  interparticle  areas  and  at  the  same  time  evidence  of 
deformation  structure  within  particles  interiors.  Several  large 
melt-like  areas  were  also  observed  in  some  of  the  other  compacts. 
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Pig.  21.  Microphotographs  of  polished  (a)  impact  and  (b)  non¬ 
impact  surfaces  of  DAC  synthetic  diamond  compact. 
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(a)  -  (d)  SEM  image  sequence  of  typical  polished  sur¬ 
face  of  compact  #  9131-10,  at  different  magnifications 
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Figure  25  (a)  -  (e)  shows  the  sequence  of  low  and  high 
magnification  SEM  images.  The  melt-like  areas  are  clearly 
detected  at  interparticle  regions  in  micrographs  (c)  and  (e) . 
These  melt-like  areas  appear  as  amorphous  regions  containing  the 
melted  and  resolidified  material.  Some  bright  contrast  crystals 
are  also  observed  in  these  melt-like  areas,  implying  perhaps  the 
nucleation  and  growth  of  crystalline  diamond.  The  micrographs 
(b)  and  (d)  show  the  typical  grain  structure  of  the  fractured 
surface.  The  structure  of  the  grain  interior  is  also  seen  in 
Figure  26  (a)  -  (d)  for  the  Warren  GE  powder  compact  #  9213-06. 
The  extensive  deformation  structure,  fine  hair-line  type  microcr¬ 
acks,  and  in  some  cases  phase  separation  is  evident  in  these 
micrographs. 

Energy  dispersive  x-ray  analysis  performed  in  these  melt¬ 
like  areas  also  revealed  the  presence  of  metallic  tantalum,  along 
with  some  other  alkaline  impurities.  The  presence  of  impurities 
can  allow  retention  of  heat  at  interparticle  regions  for  pro¬ 
longed  times,  thereby  permitting  formation  of  the  liquid  phase 
and  its  subsequent  slow  transformation  to  amorphous  or  graphitic 
carbon  instead  of  cubic  diamond. 
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SAMPLE  #  9124-10,  DAC  SYN  (8h  SOO°C  A »-) 


25,  (a) -(e)  LOW  and  high  magnification  SEM  image  sequence 

of  typical  fracture  surfaces  of  DAC  synthetic  diamond 
compact  #  9124-10,  showing  interparticle  melt  areas. 


Sample  9213-06 .  Warren  GE  SYN  #  927H-9  &  101H-4  ,  8h  800°C  A** 
Impact  Velocity  1.85  lcm/  a.  Fracture  Surface 


Fig.  26.  8 EM  images  from  a  fracture  surface  of  compact  #  9213- 

06,  showing  evidence  of  deformation  structure,  fine 
^®ir“line  microcracking,  and  possible  phase  separation 
in  particle  interiors. 
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The  shock  consolidated  diamond  compacts  were  analyzed  via  x- 
ray  diffraction  (XRD)  analysis  to  determine  the  presence  of  any 
non-diamond  phases.  XRD  analysis  was  performed  on  both  the 
impact  and  non-impact  faces  of  the  compacts.  Additionally,  the 
diamond  powders  were  also  characterized  by  XRD,  in  the  as-re¬ 
ceived  as  well  as  in  the  heat-treated  state.  In  general,  al¬ 
though  the  x-ray  detection  capability  is  limited  to  10%,  by 
employing  slow  speed  scans  and  controlled  parameters,  the  detec¬ 
tion  limits  can  be  improved  to  at  least  qualitatively  determine 
the  presence  of  minor  phases. 

Figure  27,  28,  and  29,  show  typical  XRD  traces  of  diamond 
powders  and  corresponding  compacts  for  DAC  DeBeers  natural  1-8 
Atm,  DAC  DeBeers  synthetic  1-8  fim,  and  Warren  GE  synthetic  2-8  Atm 
diamond.  The  following  observations  can  be  made  by  carefully 
comparing  the  XRD  traces  of  the  powders  and  compacts: 

(a)  An  8  hour  800°  C  heat  treatment  in  Ar  atmosphere  yields  no 
difference  in  powder  characteristics  as  shown  in  XRD  trace. 

(b)  The  shocked  compacts  show  minor  peaks  at  -30°  and  -60°  two- 
theta  angles,  in  addition  to  those  of  pure  diamond. 

(c)  The  shocked  compacts  show  considerable  peak  broadening  as 
well  as  shifts  in  the  d-spacing  of  the  diamond  peaks. 

The  extraneous  minor  peaks  in  the  XRD  traces  of  compacts 
indicate  presence  of  minor  amounts  (<  5%)  of  graphite.  The  (111) 
XRD  peak  broadening  and  shifting  evident  in  the  compacts,  and 
shown  more  clearly  in  figure  30  for  (a)  DAC  natural  and  (b)  DAC 
synthetic  compacts  is  attributed  to  presence  of  defects  forming 
due  to  plastic  deformation  of  diamond  powders  during  consoli¬ 
dation.  Typical  shifts  in  d-spacings  are:  from  2.0590  A  for 
Warren  GE  synthetic  powder  to  2.0557  A  for  compact;  from  2.0585  A 
for  DAC  synthetic  powder  to  2.0616  A  for  compact;  and  from  2.0596 
A  for  the  DAC  natural  powder  to  2.0694  A  for  compact. 
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Fig.  29. 


4.3  Raman  Spectroscopy  Analysis 

Accurate  determination  of  graphite  and/or  amorphous  carbon 
formation  was  obtained  by  Raman  spectroscopy  performed  at  Allied- 
Signal.  In  general,  compacts  with  lower  final  compact  densities, 
made  from  powders  packed  at  lower  initial  densities,  showed 
graphite  formation.  Raman  spectra  comparing  traces  for  diamond 
powder  and  impact  and  cross-sectional  surfaces  of  compact  #  9201- 
01  are  shown  in  Fig.  31.  While  the  as -received  powder  has  a 
sharp  diamond  peak  at  1332  cm'1  scattering,  the  compacts  show 
broader  diamond  peaks  as  well  as  peaks  of  graphite  at  1602  cm1. 
The  peak  broadening  is  indicative  of  residual  stresses  introduced 
due  to  excessive  plastic  deformation  during  shock  compaction. 


Fig.  31.  Raman  spectra  comparing  traces  for  (a)  diamond  powder, 
#  linevidth  r  =  8  cm'1,  (b)  impact  surface  of  compact  # 

9201-01  (r  =  16  cm11,  graphite  line  centered  at  1602  cm1, 
(c)  cross-sectional  surface  of  compact  9201-01,  (r  =  12 
cm'1  and  possible  amorphous  carbon  at  1546  cm1. 
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Pig.  33.  Comparison  of  Raman  spectra  at  the  center  and  edge 
regions  of  compacts  #  9240-03  and  9240-07. 


CHAP.  5  -  THERMAL  CONDUCTIVITY  MEASUREMENTS  AND  RESULTS 

The  initial  thermal  conductivity  measurements  were  per¬ 
formed,  at  CalTech,  on  the  shock  consolidated  diamond  compacts  by 
correlating  the  ultrasonic  velocity  with  the  thermal  conductivity 
based  on  the  Debye  approximation.  Thus,  by  measuring  an  average 
phonon  velocity  for  the  shocked  compacts  and  comparing  it  with 
that  of  single  crystal  diamond,  an  approximate  estimate  of  the 
thermal  conductivity  of  the  diamond  compact  can  be  extrapolated. 


A  more  direct  thermal  conductivity  measurement  employing  the 
laser  pulsed  photometry  technique  was  also  performed  at  Caltech. 
Details  of  both  the  indirect  and  direct  thermal  conductivity 
measurements  will  be  provided  in  the  following  subsections. 


5.1  Pltrasonic  velocity  and  thermal  conductivity; 

The  Debye  formula  for  the  thermal  conductivity  of  dielectric 
solids  gives, 


K  - 


(6) 


where,  K  is  thermal  conductivity,  Cp  is  specific  heat,  v  is  mean 
phonon  velocity,  and  1  is  the  mean  Umklapp  phonon  scattering 
distance.  When  a  polycrystalline  sample's  thermal  conductivity  is 
limited  by  phonon  interaction  at  crystallite  boundaries,  due  to 
cracks  and  initial  crystal  dimensions,  it  can  be  assumed  that  the 
effective  phonon  velocity  is  decreased,  as  the  Umklapp  distance, 

1  and  Cp,  are  to  first  order  insensitive  to  grain  boundaries. 

Thus,  based  on  the  assumption  that  for  polycrystalline  shock 
compacted  diamond  with  microcracks. 


K  °°  v 


(7) 


we  measured  the  ultrasonic  compressional  velocity  (Vp)  and  shear 
velocity  (V.)  using  the  ultrasonic  apparatus  at  CalTech.  The 
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values  obtained  are: 

Vp  =  4.13  ±  0.18/nm/psec 
Vs  =  3.6  0  ±  0 . 06/rm?/|isec 

By  averaging  the  longitudinal  and  shear  phonon  inodes,  these  give 
a  mean  effective  phonon  velocity, 

TT  =  3 . 86/nm/p.sec 

In  comparison,  for  single  crystal  diamond,  using  McSkimin's26  data 
for  the  single  crystal  and  calculated  Hashin  Shtrickman  bounds  we 
calculate  a  mean  phonon  velocity  of: 

"o  =  13  .19mm/\isec 

Thus,  correlating  the  measured  mean  phonon  velocity  for  the 
diamond  compact  with  the  calculated  single  crystal  value27,  we 
infer  that  the  shock  consolidated  diamond  is  expected  to  have  a 
room  temperature  thermal  conductivity  0.28  times  the  single 
crystal  value. 


5.2  Laser  Pulsed  Photothermal  Radiometry 

The  laser  pulsed  photothermal  radiometry  technique  is  a 
quick,  convenient,  non-destructive  measurement  method.  In  the 
present  work,  analyses  using  a  one-dimensional  thermal  diffusion 
model  were  compared  with  experimental  data.  Measurements  of  the 
thermal  conductivity  of  a  molybdenum  foil  and  several  shock- 
consolidated  samples  were  executed. 

Theoretical  Considerations:  An  analytical  model  describing 
one-dimensional  heat  flow  was  developed  to  reduce  the  measured 
signal  to  a  thermal  conductivity  for  the  sample.  For  a  thin 
sample  (thickness«width) ,  if  heat  flux  is  given  to  the  front 
surface  at  t=0  as  a  delta  function  and  there  is  no  heat  loss  to 
air  at  either  surface,  the  temperature  rise  at  the  back  surface 


of  the  sample  is  given  by: 


^  5  CJQp(-  (2iJ+l)  2/  t+]  (8) 

Ar(-)  /t *iin=o 

where  t*  =  4at/L2,  L  is  the  thickness,  a  is  the  thermal  diffusiv- 
•  ity  and  t  is  time.  Thermal  conductivity  k  is  determined  by  k«pac 

where  p  is  the  density  and  c  is  the  specific  heat.  The  non- 
dimensional  temperature  rise  due  to  a  transient  heating  pulse  was 
calculated  and  is  shown  in  Figure  34. 


Fig.  34.  The  calculated  non-dimensional  temperature  rise  due  to 
a  transient  heating  pulse 
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Experimental  Technique:  Our  basic  experimental  set  up  is 
shown  in  Figure  35.  The  front  of  the  sample  was  heated  by  a 
pulsed  Nd:YAG  laser  beam.  Infrared  radiation  from  the  back 
surface  of  the  sample  was  focused  onto  a  HgCdTe  infrared  detec¬ 
tor.  The  detector  monitored  the  rise  in  temperature  as  heat 
propagated  from  the  front  surface  to  the  back  surface.  The 
resistance  of  the  detector  is  changed  proportional  to  the  inci¬ 
dent  infrared  radiation  and  by  this  signal  we  can  get  the  temper¬ 
ature-time  history  of  the  back  surface.  The  back  surface  of  the 
sample  was  coated  with  a  black  paint  whose  emissivity  was  assumed 
to  be  unit.  Noise  during  excitation  pulse  was  suppressed  by 
using  a  gated  integrator,  acquiring  one  point  per  laser  pulse. 

The  signal-to-noise  ratio  of  the  measurement  was  improved  greatly 
by  use  of  a  germanium  filter  directly  over  the  detector  element 
to  exclude  scattered  laser  light. 


Puisea  Nd:  YAG  Laser 
{  532  nm  ) 

Sample 


IR  Lens 


Germanium  Filter 
HgCdTe  Detector 
{  1  MHz) 


Digitizer 


Comouter 


Fig.  35.  Experimental  set  up  for  pulsed  photo  radiometry  for 
thermal  conductivity  measurements. 
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Experimental  Results:  Experiments  were  made  for  a  molyb¬ 
denum  foil  and  several  shock-consolidated  diamond  samples. 

Typical  signals  obtained  from  a  molybdenum  foil  are  shown  in 
Figure  35  (a) .  The  peak  at  short  times  is  due  to  residual  stray 
light.  This  is  followed  by  a  rise  due  to  the  increasing  infrared 
radiation  detected  from  the  back  of  the  foil.  The  slight  de¬ 
creasing  of  the  signal  above  times  of  300  fxs  is  due  to  heat  loss 
to  the  air.  The  thickness  of  this  foil  was  135  pm .  Using  this 
value  along  with  typical  handbook  values  for  the  density  and 
specific  heat  for  molybdenum  at  300  K,  thermal  conductivity  was 
calculated.  Theoretically,  any  value  of  t*  should  give  the  same 
thermal  conductivity.  Since  experimental  results  show  some 
deviation  from  the  theoretical  temperature  rise  curve,  selecting 
different  values  of  t*  results  in  different  values  of  thermal 
conductivity.  For  a  one-dimensional  solution,  if  we  choose  t*=l 
as  a  reference  non-dimensional  time  scale,  a  is  given  by  Lz/4t. 
Since  the  non-dimensional  temperature  rise  AT(t)/AT(«)  corre¬ 
sponding  to  t*=l  is  0.83,  we  can  calculate  the  a  by  determining 
the  t*  which  corresponds  to  this  value. 

Typical  literature  values  for  molybdenum  foil  at  300K  are 
p=10240  kg/m3,  c~255  J/kgK  and  k=l.39  W/cmK.  The  experimental 
value  of  k  with  t*=l  was  1.12  W/cmK.  This  value  is  24%  lower 
than  the  handbook  value.  Since  errors  are  mainly  generated  at 
the  early  stage  of  the  signal,  we  can  significantly  reduce  the 
error  by  choosing  relatively  a  high  value  of  t*.  Selecting 
AT(t) /AT(«)=0. 99,  the  experimental  value  of  k  is  1.31  W/cmK, 
which  is  6%  lower  than  the  handbook  value.  The  results  for  a 
molybdenum  foil  are:  thickness  =  135pm,  literature  k  at  300K  * 
1.39  W/cmK,  AT(t)/AT(«)  =  0.83  (or  0.99),  experimental  k  =  1.12 
(or  1.31)  W/cmK,  error  =  24%  (or  6%). 

Thermal  conductivities  for  some  shock-consolidated  diamond 
samples  were  measured  and  calculated  similarly.  A  typical  signal 
obtained  from  a  shock-consolidated  diamond  sample  is  shown  in 
Figure  36  (b)  and  for  a  CVD  sample  is  shown  in  Figure  36  (c) . 
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Pig.  36.  Measured  detector  signals  for  (a)  molybdenum  foil,  (b) 
shock  compacted  diamond,  and  (c)  Morton's  CVD  diamond. 
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For  diamond,  the  handbook  density  and  specific  heat  values 
at  300  K  are  p=3515  kg/m3,  c=516  J/kgK.  Thermal  conductivity  for 
diamond  is  dependent  on  its  type  and  can  be  as  high  as  21  W/cmK. 
The  experimental  data  for  shock-consolidated  diamond  samples  are 
tabulated  in  Table  V. 

The  density  (%)  is  the  measured  density,  compared  with  the 
theoretical  density  of  diamond,  p=3515  kg/m3.  The  results  show 
that  these  shock-consolidated  samples  have  anomalously  low 
thermal  conductivities.  The  detected  signal  for  one  calibrated 
CVD  diamond  sample  donated  by  Norton  company  is  shown  in  Figure 
28  (c) .  The  very  rapid  appearance  of  the  thermal  signal  on  the 
back  surface  is  evidence  of  the  sample7 s  high  thermal  conductivi¬ 
ty.  The  rise  time  is  comparable  with  the  detector  response  time, 
making  it  difficult  to  determine  the  actual  thermal  conductivity 
of  this  sample. 


TABLE  V  -  EXPERIMENTAL  DATA  OF  THERMAL  CONDUCTIVITY  MEASUREMENTS 
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The  consolidation  of  powders  during  shock  compaction  occurs 
due  to  the  preferential  deposition  of  shock  energy  at  inter¬ 
particle  regions,  which  results  in  extensive  plastic  deformation 
and/or  friction  localized  at  particle  surfaces.  While  the  shock 
energy  is  basically  generated  due  to  the  collapse  of  voids,  the 
localization  of  plastic  deformation  and/or  friction  can  produce 
extensive  heating  of  the  particle  near-surface  material.  Gener¬ 
ally,  for  most  metallic  and  ceramic  materials,  heat  equilibration 
between  the  -1  jum  thick  particle  surface  layer  and  the  bulk 
(interior)  of  a  10  nxa  diameter  particle  (assuming  spherical 
geometry)  occurs  in  time  scales  of  several  microseconds.28  In 
such  a  situation,  the  high  temperature  retained  at  the  surface 
layer  can  result  in  melting  and  fusion  of  particles  in  contact 
with  each  other.  In  certain  cases,  particle  fusion  and  solid- 
state  bonding  is  also  possible  at  temperatures  below  the  melt 
temperature . 18  In  fact  excessive  heat  localization  and  therefore 
formation  of  an  excess  melt  fraction  can  lead  to  (a)  generation 
of  voids  in  the  last  material  to  solidify  from  the  liquid,  (b) 
formation  of  large  grained  microstructures,  (c)  reversal  trans¬ 
formation  of  metastable  phases  to  equilibrium  structures,  as  well 
as  (d)  creation  of  excessive  residual  thermal  stresses  that  can 
lead  to  microcrack  formation.18 

Diamond  is  a  material  that  behaves  very  differently  from 
most  materials,  because  of  its  very  high  hardness  and  thermal 
conductivity  and  also  because  of  the  possible  diamond- to-graphite 
phase  reversal  transformation.  High  hardness  implies  that 
significantly  higher  pressures  are  required  to  introduce  plastic 
deformation  due  to  compression  of  the  particles  and/or  interpart¬ 
icle  friction.  The  high  thermal  conductivity  of  diamond  limits 
the  retention  of  heat  over  time  scales  sufficient  to  attain  good 
interparticl^  bonding.  Conversely,  longer  heat  retention  causes 
diamond  to  transform  to  the  graphitic  structure. 


The  experimental  work  performed  in  the  present  study, 
involved  the  use  of  different  variations  of  powder  particle  mor¬ 
phologies  and  surface  treatments  (and  coatings) ,  to  overcome  the 
problem  of  rapid  heat  conduction  and  resulting  lack  of  heat 
retention  at  localized  particle  interfaces.  On  the  other  hand, 
initial  packing  densities  of  the  powders  prior  to  shock  consoli¬ 
dation  were  controlled  to  minimize  long  thermal  excursions. 


A  numerical  calculation  was  also  performed  to  estimate  the 
cooling  characteristics  of  the  diamond  compacts  during  consol¬ 
idation.  Considering  a  10  p m  diamond  powder  particle  at  room 
temperature,  and  a  1  /in  thick  surface  (shell)  layer  at  a  tempera¬ 
ture  of  4850  K  generated  due  to  preferential  deposition  of  the 
shock  energy,  the  times  for  attaining  temperature  equilibration 
were  determined,  using  simple  heat  transfer  calculations. 


The  flow  of  heat  in  a  sphere,  when  the  initial  and  surface 
conditions  are  such  that  isothermal  surfaces  are  concentric 
spheres  and  the  temperature  thus  depends  only  upon  the  coordi¬ 
nates  r  and  t,  is  given  by  Carslaw  and  Jaeger29 

dv  (  &v  +  2dv\ 
dt  \dr2  rdtj 


where  v  is  the  heat  flux,  t  is  the  time  and  r  is  the  radius. 
This  can  be  converted  for  numerical  analysis  by  setting 


A  T-a. 


At 


d^+2dT\ 

dr2  rdt) 


where  T  is  the  temperature,  and  a  =  n/p c.  The  1st  partial 
derivative  for  nth  node  can  be  calculated  as: 

dT  (  Tn*i~Tn-\ 
dr  \  2  A  r  , 


and  similarly,  the  2nd  derivative  (partial)  as: 


Substituting  these  two,  we  get 


A  T~  a  A 


-i -2Ta+Tntl  .  2 


2  A r2 


2Ar  J 


for  nth  node. 

Introducing  boundary  conditions,  and  having  large  number  of 
nodes,  the  temperature  at  nth  node  in  prior  time  step  shifts  to 
n+1  th  node  in  current  time  step.  This  generates  a  condition 
when  total  heat  content  remains  constant  and  heat  transfer  is  a 
non-steady  state  process  (transient) .  Assuming  a  nominal  value 
of  thermal  conductivity  (k)  of  diamond  to  be  21  W/cmK  and  specif¬ 
ic  heat  (C)  to  be  516  J/kgK,  we  obtain  a  (=»c/pC)  as  1.1  x  10^. 
Substituting  for  core  temperature  (298K)  and  surface  temperature 
( 4850K)  as  initial  conditions,  the  temperature  profiles  are  ob¬ 
tained  for  various  times  and  are  plotted  in  Figure  36  (a) . 

It  can  be  seen  in  Fig.  37(a)  that  temperature  equilibration 
between  surface  layer  and  interior  of  particle  is  reached  ex¬ 
tremely  fast,  in  «100  ns.  The  surface  layer  would  thus,  never  be 
able  to  form  a  melt  phase  or  even  retain  high  temperatures  for  a 
long  enough  time  to  allow  interparticle  bonds  to  form. 

In  another  context,  if  degradation  of  thermal  conductivity 
materials  is  taken  into  consideration,  assuming  high  temperature 
effects,  or  due  to  the  presence  of  metallic  or  other  impurities 
on  surfaces  of  the  diamond  powders,  then  the  calculated  tempera¬ 
ture-time  contours  show  a  different  form.  Figure  37  (b)  shows 
temperature  contours  for  the  same  1  pm  surface  layer  (at  melt 
temperature)  and  10  pm  particle  (at  ambient  condition)  configura¬ 
tion,  with  thermal  conductivity  value  degraded  to  650  W/mK. 
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Fig.  37.  Temperature  contours  for  cooling  of  (a)  10  fim  pure 

diamond  particle,  and  (b)  contaminated  diamond  particle 
with  degraded  thermal  conductivity. 
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From  Fig.  37(b),  it  can  be  seen  that  in  a  time  scale  of  -  2 
lis,  the  temperature  rise  has  reached  no  more  than  even  a  2  mb 
thick  diamond  particle  layer.  Temperature  equilibration  between 
surface  layer  and  bulk  of  particle  would,  thus,  require  more  than 
a  few  microseconds  time  scale.  Graphitization  of  diamond  can  be 
expected  in  such  cases,  if  unloading  of  pressure  from  the  high- 
pressure  to  the  ambient  state  is  not  attained  within  this  time. 

The  values  of  degraded  thermal  conductivity  used  in  the 
present  calculations,  are  only  an  estimate,  and  depend  not  only 
on  the  shock-induced  temperature  generated  at  particle  surfaces, 
but  also  on  metallic/ organic  contaminations  on  powder  surfaces. 

We  believe  that  diamond  powders  acquired  in  the  present 
study  were  not  contamination-free.  They  contained  known/unknown 
types  of  metallic  and  organic  contaminations,  and  in  spite  of 
some  of  the  cleansing  treatments  used,  the  powders  may  not  have 
been  fully  decontaminated.  The  SEM  micrographs  shown  in  Figures 
22-25  are  evidence  of  presence  of  contaminations  that  lead  to 
formation  of  the  observed  amorphous- like  features.  Degradation 
of  thermal  conductivity,  due  to  presence  of  these  low-conduc¬ 
tivity  surface  contaminations,  in  addition  to  its  decrease  at 
high  temperatures,  is  attributed  to  the  prolonged  retention  of 
elevated  temperatures  at  particle  interfaces.  Under  such  condi¬ 
tions,  formation  of  up  to  3-5%  volume  fraction  of  graphitic 
and/or  amorphous  carbon  phases  at  particle  interfaces  is  inevita¬ 
ble.  Furthermore,  if  the  graphitic  or  amorphous  carbon  phase  is 
particularly  present  at  interparticle  bond  regions,  then  the 
anomalously  lower  thermal  conductivities  of  the  shock-consolidat¬ 
ed  diamond  compacts  would  be  expected. 
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The  objectives  of  the  present  work  were  to  fabricate  1  mm  thick 
diamond  compacts  by  shock-wave  consolidation  of  powders.  In  this 
study,  a  consolidation  criterion  of  diamond  powders  of  various  types 
(natural  and  synthetic)  and  different  particle  morphologies,  treated 
with  different  types  of  surface  cleansing  and  coating  processes  was 
studied.  The  fundamental  issues  investigated,  included  establishing 
the  effects  of  starting  powder  characteristics  and  shock  consolida¬ 
tion  conditions,  as  well  as  correlating  these  effects  to  compact 
microstructure  and  properties,  to  develop  consolidation  mechanisms. 
The  following  list  summarizes  the  highlights  of  the  present  study. 

(a)  Diamond  compacts  12  mm  diameter  by  l  mm  thickness,  made 
from  various  types  of  commercially  available  natural  and  synthetic 
diamond  powders  were  consolidated  to  90-95%  TMD  range; 

(b)  Optimum  consolidation  conditions  were  achieved  by  control¬ 
ling  initial  powder  packing  densities  achieved  by  appropriate 
selection  of  powder  particle  size  and  size  distribution; 

(c)  Diamond  powder  surface  treatments  by  thermal  annealing  or 
coating  were  observed  to  have  beneficial  effects  and  helped  in 
better  recovery  of  the  compacts; 

(d)  Final  compact  densities  increased  from  70-75%  range  to  88- 
95%  range  with  initial  packing  density  change  from  60-65%  to  70-75%; 

(e)  The  diamond  compacts  were  free  from  macro-cracks  (observ¬ 
able  with  naked  eye) ,  and  had  strong  mechanical  integrity; 

(f)  Increase  of  shock  conditions  (>  2  km/s)  marginally  in¬ 
creased  final  densities,  although  compact  recovery  became  difficult. 

(g)  All  diamond  compacts  contained  3-5%  graphitic  and/or 
amorphous  carbon  phase,  the  content  of  which  increased  with  increas¬ 
ing  impact  velocity  and  decreasing  initial  powder-packing-density. 

(h)  Significant  residual  strain,  indicated  by  broadening  of 
peaks  of  Raman  spectra  and  XRD  traces,  was  observed  in  all  compacts; 

(i)  Thermal  conductivities  of  compacts,  measured  using  Laser 
Pulsed  Photothermal  Radiometry,  yield  anomalously  low  values; 

(j)  The  low  thermal  conductivities  of  the  diamond  compacts  are 
attributed  to  the  presence  of  surface  contaminations  on  powder 
surfaces,  3-5%  volume  fraction  of  graphite  or  amorphous  carbon 
formed  during  shock  compaction,  and  excess  residual  strain  due  to 
extensive  plastic  deformation  of  powders  during  shock  consolidation. 
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In  conclusion,  it  needs  to  be  emphasized  that  in  the  time 
period  the  present  study  was  performed  many  experiments  were  con¬ 
ducted  to  explore  a  wide  variety  of  materials  and  processing  vari¬ 
ables.  The  experiments  have  also  provided  a  large  number  of  sam¬ 
ples,  some  of  which  have  been  analyzed  in  more  detailed  than  others, 
and  some  still  remain  to  be  analyzed.  The  present  study  has  also 
yielded  diamond  compacts  that  are  the  best  of  their  kind  in  terms  of 
compact  integrity  and  overall  microstructural  characteristics. 

No  data  is  presently  available  which  directly  correlates  the 
effects  of  residual  strain  due  to  the  presence  of  point,  line,  and 
planar  defects,  or  the  volume  fraction  of  graphite  or  even  porosity, 
on  thermal  conductivity.  Thus,  while  problems  associated  with  the 
process  that  yield  poor  overall  thermal  conductivity  can  only  be 
speculated  with  the  available  results,  they  need  to  be  targeted  with 
more  specific  evaluations.  Detailed  analysis  of  shock  energy 
localization  and  heat  retention  at  particle  surfaces  needs  to  be 
performed.  Availability  of  better  quality  diamond  powders  and/or 
cleansing  and  decontamination  treatments,  prior  to  shock  consolida¬ 
tion  needs  to  be  explored.  At  the  same  time,  post-compaction 
techniques  for  decontamination  of  non-diamond  phases,  and  annealing 
of  defects,  also  need  to  be  developed. 

It  can  also  be  concluded  that  the  time  available  in  the  present 
work  was  too  limited  to  allow  targeted  evaluations  and  in-depth 
diagnostics,  calculations,  observations,  and  measurements.  Without 
such  careful  evaluation  and  understanding,  and  correlations  of 
experimental  results  with  compact  raicrostructures  and  properties, 
the  complete  scope  of  a  process  may  be  difficult  to  infer.  Diamond 
is  a  unique  material  system,  and  because  of  its  high  thermal 
conductivity,  electrical  resistivity,  high  hardness,  it  not  only 
becomes  the  material  of  choice  for  high  electronic  substrate  appli¬ 
cations,  but  it  also  is  the  best  model  material  for  the  study  of 
dynamic  high-pressure  shock-compression  of  powders. 
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APPENDIX  -  A 


SAMPLE-BY-SAMPLE  LISTING 
•  OF 

DIAMOND  POWDER  COMPACTION  EXPERIMENTS 
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(Updated  April  23,  1993) 
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DARPA  DIAMOND  POWDER  COMPACTION  EXPT. 


3 


m 

+> 

0 

m 

i 

0 


A 

■H 

a 

in 


u 

« 

a 

o 


o 

01 


o 

in 

M 

a 

a. 


M 

O 

M 

0* 


» 

W 


to 

o. 

s 

0. 

8 

< 

& 

8 

* 

« 

a 

a 

I 


o  >• 

dp 

dP 

as  h 

l-l  M 

dP 

in 

O 

K  (0 

O 

n* 

vO 

H 

U  2 

• 

• 

• 

• 

<  3 

O 

00 

VO 

<n 

o.  a 

vo 

in 

in 

<o 

dP 

O 

ro 


vi 

Vi 

?  W 

< 

K 

33  41 

T< 

o> 

c 

•w 

O' 
c 
— 1 

s? 

M  r4 

5  o' 

o.5 

3 

3 

.  3 

rt  3 

H 

m 

0 

r4 

<44 

W  ° 

O  £ 
o  ^ 

M  +  0 

°  £ 
o  — 

CM 

<N 

m  _ 

m 

I  dP 

CM 

<n 

P~ 

m  O' 

an  0 

W  P 

O  J 

W  P»  P 

O 

o 

o  o 

u  —  o 

o 

H  o 

^  o 

o 

>4 

00 

<  oo 

2  00 

2 

;  CTv  GO 

<n 

2 

W 

b! 

I  1 

%. 

pK  «. 

oe 

;  a:  - 

o 

J2 

O  £ 

2  ,c 

IX 

;  r-  jc 

< 

CO 

<  oo 

<  ao 

< 

;  cm  oo 

a 

a  — 

X  — 

3 

:  av  w 

H 

M 

rO 

■0 

o 

1 

CM 

o 

1 

O 

i 

a 

i 

1 

CM 

f 

CM 

CM 

O 

o 

O 

a 

i 

CM 

CM 

CM 

CM 

(TV 

Ov 

(Jv 

(TV 

r- 


NRL/PARPA  DIAMOND  POWDER  COMPACTION  EIPT 


O 

CO 


9240-11  Melamine/80%  +  Cu/20%  (fine) 


APPENDIX  -  B 


LISTING  OF  PUBLICATIONS 
ON 

DIAMOND  POWDER  COMPACTION  EXPERIMENTS 


82 


Abstract  Submitted 

for  the  Shock  Compression  Topical  Group  Meeting  of  the 
American  Physical  Society 

at  Colorado  Springs,  CO 

Meeting  Date:  June  28  to  July  2,  1993 


Effect  of  Packing  Density  on  Shock  Consolidation,  of  Diamond 
Powders.  V.  JOSHI,  H.A.  GREBE,  EMRTC,  New  Mexico 
Tech,  N.N.  THADHANI,  Georgia  Institute  of  Technology, 
and  Z.  IQBAL,  Allied-Signal  Research  and  Technology.  — 
Diamond  powders  of  different  types  and  particle  size  distribu¬ 
tions  were  shock  consolidated  using  a  plate  impact  shock 
recovery  system  at  1.6  to  2.2  km/s.  Single-piece  diamond 
compacts  (approximately  12  mm  diameter  and  1  mm  thick¬ 
ness)  with  better  than  90%  relative  densities  were  produced. 
A  thin  inter-particle  boundary  layer  of  a  graphitic  phase  was 
identified  in  these  compacts.  While  the  effects  of  several 
different  variables,  e.g.,  powder  pre-treatment,  particle  size 
and  distribution,  and  impact  conditions,  were  explored,  it  was 
established  that  the  initial  green  powder  compact  density  was 
the  most  important  variable  controlling  the  densification  of 
diamond  powders.  In  this  paper,  we  will  present  results  of 
some  of  the  experiments  and  the  role  of  initial  green  density 
in  controlling  the  compact  density  and  microstructure. 


Abstract  Submitted 
for  the  TMS/ASM  Meeting 
at  Pittsburg,  PA 

Meeting  Date:  October  17-21,  1993 


•  DYNAMIC  COMPACTION  OF  DIAMOND  POWDERS  FOR 
SUBSTRATE  APPLICATIONS:  V.  Joshi,  New  Mexico  Tech,  Socorro, 
NM  87801;  and  NJN.  Thadhani.  Georgia  Tech,  Atlanta,  GA  30332-0245. 

Dynamic  compaction  of  diamond  powders  was  employed  to  fabricate  10 

•  mm  diameter  by  1  mm  thick  wafers  for  possible  substrate  applications. 
jVarious  models  were  used  to  predict  the  desired  shock  compaction 
jConditions  and  starting  powder/material  characteristics.  The  experiments 
jwere  performed  at  different  compaction  pressures,  on  diamond  powders  of 
.different  types,  pre-treatments,  particle  sizes,  distributions,  and  packing 

•  densities.  The  compacts  were  recovered  as  single  piece  macro-crack-free 
wafers  with  densities  in  the  90-95%  TMD  range.  While  evidence  of 
|interparticie  melting,  implying  strong  bonding,  was  clearly  observed, 
formation  of  a  graphitic  phase  was  also  revealed  which  resulted  in 
.significantly  lower  thermal  conductivities.  In  this  paper,  we  will  review  the 

•  consolidation  models,  and  correlate  their  predictions  to  the  experimental 
results,  emphasizing  the  role  of  powder  packing  density  on  the 
characteristics  of  the  recovered  diamond  compacts. 
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